Objective: To describe the relevant anatomy and sequential technical maneuvers to repair blunt injuries to the descending thoracic aorta with partial left heart bypass. Summary Background Data: Blunt injury to the descending thoracic aorta remains among the most lethal and morbid of anatomic injuries. Of the techniques of repair which have evolved, "clamp and sew" is simple but has an unacceptable risk of paraplegia. In contrast, partial left heart bypass is more complex but virtually eliminates the risk of paraplegia. Method: We present a detailed management plan for treating blunt injury to the descending thoracic aorta using partial left heart bypass that has evolved over the past 25 years. Preoperative a -blockade to reduce the risk of rupture and use of the centrifugal pump to reduce the incidence of paraplegia without the risk of systemic anticoagulation are essential. Results: We present a detailed description of our management of injuries to the descending thoracic aorta. In our experience, no episodes of postoperative paraplegia have occurred with the use of this technique. Conclusion: Blunt injury to the descending thoracic aorta can be safely repaired using partial left heart bypass. FIGURE 3. The descending thoracic aorta (A) is encircled with an umbilical tape distal to the periaortic hematoma with care to avoid injury to the paired posterolateral intercostal arteries.
T he optimal intraoperative management and repair of the acutely torn descending thoracic aorta in the multisystem injured patient remains controversial. 1 The availability of centrifugal pumps that allow partial left heart bypass without full systemic anticoagulation has changed the operative approach in most trauma centers. 2, 3 This technique virtually eliminates the risk of paraplegia associated with cross-clamping the distal thoracic aorta. 4 Previous studies have demonstrated that clamp times exceeding 30 minutes without distal aortic perfusion or distal perfusion failing to produce a mean pressure greater than 60 torr are significant risk factors for paraplegia. In addition, precipitous increases in left ventricular after-load following cross-clamping can contribute to myocardial dysfunction, especially in multi-injured patients with associated myocardial contusion or preexisting cardiac disease. Partial left heart bypass prevents this physiologic stress during aorta occlusion. Finally, partial left heart bypass avoids splanchnic and lower extremity ischemia/reperfusion associated with aortic cross-clamping. Laboratory investigations have demonstrated convincingly that reperfusion of these distal ischemic beds has profound effects both locally and systemically. These inflammatory changes have been invoked in the genesis of the adult respiratory distress syndrome (ARDS) and multiple organ failure (MOF).
PATIENT PREPARATION (Table 1)

Reduction of Aortic Shear Stress
In patients who survive aortic rupture to reach the hospital, a pseudoaneurysm forms that is contained only by the pleura and endothoracic fascia. Furthermore, the tension in this segment of attenuated aortic wall is greater (the law of Laplace). Minimizing the stress on the pseudoaneurysm is critical before definitive repair. The primary objective is to reduce the rate of rise in aortic pressure (dP/dT); this is best achieved by decreasing the force of left ventricular ejection with a negative ionotropic agent (selective ␤ 1 antagonist). Theoretically, a vasodilator alone may increase dP/dT. Pharmacologic ␤-blockade is continued in the OR until the thoracic aortic tear has been isolated for proximal and distal vascular control. Esmolol is the preferred agent and the hemodynamic targets are a heart rate Ͻ 100/min and systolic blood pressure Ͻ 100 mmHg (Esmolol loading dose ϭ 500 g/kg with a continuous infusion began at 50 g/kg/min). Once the thoracic aorta is isolated for cross-clamping; however, it is important to remind the anesthesiologist to stop the Esmolol administration as partial left heart bypass is initiated.
Spinal Cord Protection
In the unusual event the patient presents with paraplegia or has aortic occlusion due to a dissection from the initial disruption, we have the neurosurgeons place a intradural catheter to decompress the spinal cord. The dural drainage is discontinued after 72 hours postoperatively.
Airway Management
Unilateral right lung ventilation offers optimal exposure of the descending aorta through the left chest; a double lumen endotracheal tube is typically inserted to permit selective deflation of the left lung. An alternative is a selective airway occluder, but this is operator-dependent. A high flow mechanical ventilator (Ͼ100 L/min flow capacity) may be required to achieve adequate single lung ventilation. In patients with right pulmonary contusion, synchronous partial ventilation of the left lung may be necessary to maintain adequate arterial oxygenation. This can often be achieved with continuous positive airway pressure (CPAP) at a small lung volume that will not interfere with the procedure.
Hemodynamic Monitoring
A radial artery catheter is placed in the right arm to allow continuous monitoring of the proximal thoracic aorta during cross-clamping between the left carotid and the left subclavian arteries. A femoral arterial catheter is employed for continuous monitoring of the distal aortic pressure during cross-clamp. If preoperative aortography has been done, the interventional radiologists should be encouraged to use right femoral access and to leave the catheter in place for intraoperative monitoring. In multisystem injured patients, oximetric Swan-Ganz catheters are inserted to permit oxygen transport profiling during the operation.
Patient Positioning
The patient is placed in a right lateral decubitus position with the left arm suspended and the thorax angled 15°p osteriorly. A large axillary roll and iliac wing pad are placed to suspend the right chest and facilitate ventilation. The pelvis is rotated posteriorly approximately 45°to the left to facilitate access to the left common femoral artery via the groin. The patient is then prepped sterilely and draped to allow for simultaneous exploration of the left chest, left groin and, if necessary, the abdomen. Ioban is used to secure the drapes and isolate the skin to prevent contamination if artificial graft is required.
Operating Room Preparation
The centrifugal pump technician should be notified immediately upon establishing the diagnosis or placed on alert if there is a high-risk patient en route or in the emergency department ( Table 2 ). The pump technician should be positioned at the patient's left side for a clear view of the anesthesiology monitoring equipment. An additional surgical intensive care unit resident, separate from the operating team, is called to the operating room (OR) to facilitate patient monitoring, record appropriate physiologic variables and laboratory data, and to assist the anesthesia team with placement of hemodynamic monitoring devices. The OR scrub nurse should ensure the immediate availability of 18-mm and 20-mm dacron or PTFE grafts in the OR as well as vascular clamps (including #2 Harken, a Satinsky, and 2 large De-Bakey aortic clamps) and suture (3-0 and 4-0 Prolene doublearmed suture and Teflon pledgets). PTFE may be more desirable based on a recent prospective randomized study showing a lower incidence of infection. 5
OPERATIVE PROCEDURE (Table 3)
Operating Teams
One trauma team (attending surgeon and chief surgical resident) performs the posterior lateral thoracotomy while another team (second attending surgeon desirable and thirdyear surgery resident) isolates the left femoral artery for cannula placement and oversees hemodynamic management during critical time points.
Femoral Artery Isolation
The left common femoral artery (CFA) and junction of the superficial femoral and profunda branches are exposed via a standard vertical groin incision. The CFA is surrounded 
Thoracotomy
The skin incision for the left posterior lateral thoracotomy begins inferior to the nipple, continued along the infrapectoral crease, proceeding cephalad 2 cm inferior to the scapula and curved parallel to the spine. The chest is entered through the fourth intercostal space, and the fourth rib is transected posteriorly at the level of the paraspinal muscles. Tolerance to left lung deflation is ascertained at a convenient time relying on O 2 saturation recordings. The time on partial left heart bypass is minimized to avoid embolic complications. Consequently, as much dissection as can be accomplished safely is done before initiating bypass. The first maneuver is isolation of the left superior pulmonary vein. Dissection of the superior pulmonary vein is begun by longitudinally incising the pleura on the anterior superior border of the pulmonary hilum. The phrenic and vagus nerves are then identified and mobilized with red vascular loops. The pulmonary vein is then encircled with 2 umbilical tapes using a Harken #2 clamp ( Fig. 1 ).
Isolation of the Aortic Injury
The dissection continues on the anterior surface of the aorta to identify the innominate, left common carotid and left subclavian arteries in the event emergent aortic cross-clamping is needed due to rupture of the pseudoaneurysm. Beyond the borders of the periaortic hematoma, the proximal subclavian artery and descending thoracic aorta distal to the tear are surrounded with umbilical tapes using the #2 Harken clamp. It is important to control the subclavian artery proximal to the origin of the left internal mammary and vertebral arteries to avoid retrograde bleeding when the injury is ultimately opened (Fig. 2) . Following these maneuvers, if the aortic tear is well beyond the subclavian level and there is no hematoma surrounding the transverse arch, the thoracic aorta is now mobilized between the left carotid and left subclavian arteries. However, if the aortic tear extends to the origin of the subclavian artery, bypass is initiated before isolating the transverse thoracic aorta. The tissue adherent to the adventitia of the inferior surface of the aorta at the level of the left common carotid artery is sharply divided to permit finger dissection under the transverse thoracic aorta. Further separation of the arch from the pulmonary artery is accomplished with blunt dissection. Sharp dissection is then performed on the superior arch between the left common carotid and left subclavian arteries. Opposing fingers are then directed to the superior and inferior borders of the aortic arch to develop a clear plane. A #2 Harken clamp is inserted around the aorta at this level for placement of an umbilical tape (Fig. 2 ). It should be noted that the left vagus nerve usually descends between the left carotid and subclavian arteries and gives off the recurrent nerve closely adherent to the aorta in this region. Distal aortic control is obtained remotely from the herniation using a transverse incision in the pleura. (Fig. 3) Once the location of the incision has been identified, the clamp can be moved closer to the injury to avoid unnecessary exclusion and hemorrhage from intercostal arteries.
Left Superior Pulmonary Vein-Common Femoral Artery Bypass
The necessity for anticoagulation with the newer centrifugal pumps remains controversial. Unless there is a clear contraindication to anticoagulation (CNS injury, major pelvic fracture, Ն grade III liver, spleen, kidney injury), we admin-ister systemic heparin (100 U/kg) and maintain the whole blood activated clotting time between 200 and 250 seconds. Before insertion, the venous cannula (30 to 34 Fr) is marked 6 cm from the tip with a 0 silk ( Fig. 4) to monitor the relative position of the cannula during the subsequent operative course. The silk tie should remain outside the pulmonary vein to prevent inadvertent dislodgement into the left side of the heart. A tubing clamp is then applied to the opposite end of this cannula. The previously exposed left superior pulmonary vein is now controlled between two umbilical tape snare tourniquets. The distal snare tourniquet is cinched down, and a Satinsky clamp is placed at the juncture of the pulmonary vein and left atrium. A transverse venotomy is made at least 2 cm from the left atrium juncture and the clamp is released. Simultaneously, the venous cannula is advanced into the left atrium. (Fig. 5 ) The pulmonary vein cannulation site is secured with an umbilical tape snare tourniquet. The clamped tubing is briefly opened to allow the cannula to back fill with blood. In connecting the venous cannula to the pump line, bubbles must be completely removed because the centrifugal pump does not eliminate air from the system. For security, both snare tourniquets are tied to the venous cannula with 2-0 silk sutures. (Fig. 6) As an additional precaution to accidental dislodgement of the cannula, the tubing is further secured to the patient's skin using 2-2 nylon sutures at the cannula and pump tubing connections. These sutures hold the tubing tightly to the skin and should remove all tension from the cannulas.
At the same time, the femoral artery is cannulated. The common femoral artery is occluded by cinching the proximal snare tourniquet. A transverse arteriotomy is made and heparinized saline (50 U/mL) is flushed distally, and the distal snare tourniquet is cinched. A 20 -24 Fr cannula is directed cephalad into the common femoral artery and secured with the tourniquet. (Fig. 7) . The femoral cannula is then connected to the centrifugal pump using the same precautions mentioned above to remove all air bubbles and is secured in a similar fashion. The pump lines are opened with an initial flow of 1.5 L/min. Ultimately, most patients require flow rates between 3.5 and 4.5 L/min to maintain distal aortic perfusion pressure Ͼ 65 mmHg.
Aortic Repair
Every effort should be made to minimize the aortic cross-clamp time. Make certain all necessary operative material is available before cross-clamping. The aorta should be assessed for appropriate graft size in the event primary repair cannot be achieved. If there is a question about size, select the larger graft diameter; most adult men require an 18-to 20-mm graft. A DeBakey aortic clamp is placed on the proximal thoracic aorta between the left carotid and subclavian arteries with gradual cross-clamping as this information is reported to the anesthesiologist and pump technician. The umbilical snare tourniquet is tightened on the left subclavian, and then the distal thoracic aorta is cross-clamped. For aortic tears extending proximally to the left subclavian artery, the transverse arch is clamped between the innominate and left carotid arteries.
The mediastinal pleura is opened vertically to expose the aortic hematoma. A transverse incision should be made on the anteriomedial surface of the aorta at the site of injury in the event primary aortorrhaphy can be performed. The aortic tear varies tremendously from a simple horizontal tear (repaired end to end primarily) to extensive vertical spiral dissections (repaired with an interposition graft). With more complex tears, the thoracic aorta should be divided with care to maintain sufficient aortic tissue posteriorly to provide a secure suture purchase. The proximal aorta may also be freed from the recurrent laryngeal nerve to permit completion of the anastomosis proximal to the nerve. The graft is then repositioned beneath the vagus nerve in preparation for the distal anastomosis. The level of the distal aortic cross-clamping should be moved as proximal as possible to minimize the risk of spinal cord ischemia. Intercostal arteries will require occasional ligation with 2-0 silk ligation from either within the aortic lumen or outside the aorta.
A gel-impregnated Dacron or PTFE graft is used when segmental aortic replacement is necessary. The proximal anastomosis is performed with a continuous 3-0 double-arm Prolene suture using a parachute technique (Fig. 8) . Suturing is initiated with a horizontal mattress outside to inside in the graft. Sutures are placed from the intimal surface through the adventia to prevent as well as repair intimal flaps. In some instances, it may be technically easier to place the proximal posterior row of sutures from outside of the aorta into the lumen; however, this method is not appropriate if the intima is loose. Sutures are taken widely and deeply, incorporating periaortic tissue for added support, but taking care to avoid the underlying esophagus. After 3 stitches have been placed with each limb of the double-arm suture, the graft is "parachuted" down to the proximal posterior aorta. Care must be taken to remove all redundancy from these initial sutures before continuing the anastomosis. Furthermore tension must be maintained on the inactive limb of the suture using a rubber shod clamp and digitally on the active limb to prevent suture limb hemorrhage (Fig. 8) . Great care is required in the proximal suture line medially, in the region of the ligamentum arteriosum, where the aortic tissue is usually weak, thin, and easily torn. It is also important to avoid the recurrent laryngeal nerve in this region. Upon completion of the proximal anastomosis, the vascular clamp should be moved onto the graft to check the integrity of the proximal suture line. Leaks in the suture line are repaired using 4-0 Prolene horizontal mattress. When the suture line is confirmed to be secure, the left subclavian tourniquet is removed to enhance collateral blood flow to the spine. The interior surface of the graft is then irrigated with heparinized saline to remove any clot. The distal anastomosis is performed in a similar fashion venting air and clot out of the suture line just before releasing the distal aortic clamp. The proximal aortic clamp is then released gradually while communicating with the anesthesiologist and pump technician.
Removal of Bypass Cannulas
After aortic reconstruction is deemed secure, the superior pulmonary venous and femoral arterial cannulae are clamped and extracted. The respective arteriotomy and venotomy sites are closed with running 5-0 Prolene suture. The pulmonary venotomy must be flushed free of clot and air before removing the Satinsky clamp to avoid potentially devastating emboli from the left side of the heart.
Thoracotomy Closure
The left chest is vented with a posterior straight 32 French thoracostomy tube. The ribs are approximated with 0-PDS pericostal sutures and muscle layers closed sequentially with a continuous 2-0 running PDS suture.
Optimization of Resuscitation in the OR
The patient's left lower and left upper extremity vascular integrity should be confirmed before leaving the OR. If heparin has been administered, we usually reverse with protamine (heparin T ͓1/2͔ ϭ 90 minutes; 1 mg of protamine for 100 U of residual heparin). Most anesthesiologists prefer to confirm lower extremity motor function in the surgical intensive care unit before placing an epidural catheter for pain management.
CONCLUSION
We believe the centrifugal pump represents a major technologic advance via the ability to achieve partial left heart bypass without full systemic anticoagulation. This technique eliminates the risk of paraplegia, avoids physiologic overload of the left ventricle, and prevents splanchnic and lower torso ischemia/reperfusion in high-risk multisysteminjured patients at risk for multiple organ failure.
